Nb3Sn is currently the most promising material other than niobium for future superconducting radiofrequency cavities. Critical fields above 120 mT in pulsed operation and about 80 mT in CW have been achieved in cavity tests. This is large compared to the lower critical field as derived from the London penetration depth, extracted from low field surface impedance measurements. In this paper direct measurements of the London penetration depth from which the lower critical field and the superheating field are derived are presented. The field of first vortex penetration is measured under DC and RF fields. The combined results confirm that Nb3Sn cavities are indeed operated in a metastable state above the lower critical field but are currently limited to a critical field well below the superheating field.
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I. INTRODUCTION
The performance of Nb as a material for superconducting radiofrequency (SRF) cavities is reaching fundamental limits in terms of surface resistance and peak surface magnetic field. Other superconductors are being developed to offer a way to push performance beyond Nb technology. One potential alternative material is Nb 3 Sn, a Type-II superconductor with a relatively high Ginzburg Landau parameter κ (≈ 40 close to stoichiometry [1] ) as opposed to about 1.4 for high purity Nb. Nb 3 Sn has a relatively high critical temperature of about 18 K, twice that of Nb which allows, for example, to operate RF cavities at 4.2 K with the same losses as for Nb at 2 K, if dominated by intrinsic losses form thermally activated quasiparticles, so called BCS losses. This is of high relevance, since cavities can be operated with liquid helium at atmospheric pressure which considerably simplifies the required cryo plant and reduces its operating and investment costs significantly. The lower critical field µ 0 H c1 for Nb 3 Sn is relatively low, about 38 mT close to stoichiometry, as opposed to 170 mT for clean Nb. To obtain accelerating gradients above ≈10 MV/m for β = 1 elliptical cavities Nb 3 Sn has therefore either to be operated in the mixed phase, with the penetrated vortices being pinned to avoid strong dissipation, or in a metastable vortex free state. This state can potentially be sustained up to the superheating field H sh which is about 440 mT for Nb 3 Sn, compared to about 240 mT for Nb. Superconducting material parameters at T=0 K relevant to this work of Nb and Nb 3 Sn are presented in Tab 
A Nb 3 Sn SRF program began at Cornell University in 2009 [9, 10] . The program focused on coating fine grain bulk niobium cavities with a layer of 2 µm of Nb 3 Sn via the deposition of tin vapor in a vacuum furnace. Cold tests of the cavities revealed: (1) reproducible high Q 0 values on the order of 10 10 at 4.2 K, (2) reproducible sustaining of this high Q 0 to useful accelerating gradients above 18 MV/m, corresponding to peak magnetic values in excess of 80 mT. The attained B p values are significantly higher than µ 0 H c1 as derived from the electron mean free path extracted from low field surface impedance measurements, suggesting that vortex penetration at H c1 is not a limitation [11] . The scope of this paper is to test by direct measurements whether this conclusion is indeed substantiated.
Using the low energy muon spin rotation (LE-µSR) technique from PSI the penetration depth λ is measured directly. This allows to calculate H c1 . So called sur-face muons 1 available at TRIUMF are used to derive the DC field of first flux entry. The measured values are compared to the calculated H c1 . Finally, the critical RF field is tested using a Quadrupole Resonator (QPR) at HZB. Samples of specific shape adapted to the experiments have been produced using the same vapor diffusion technique as for the SRF cavities at Cornell.
II. SAMPLE PREPARATION
All samples are made from fine grain niobium of high residual resistivity ratio (RRR>300) and were coated with a 2 µm thick layer of Nb 3 Sn at Cornell. The coating procedure is the same as successfully used on the RF cavities [12] . Coating lasts 3 hours, with the cavity at 1100
• C and the tin source at 1200
• C. For the LE-µSR experiments a coin-shaped sample was cut from a Nb sheet, while for the surface µSR measurements an ellipsoid sample is used which has been machined from bulk Nb. The coin is 3 mm thick and 20 mm in diameter. A hole is drilled through the center of the sample for mounting the sample during coating. The prolate ellipsoid is 9 mm in radius on the minor axis with a 22.9 mm semi-major axis. A threaded hole is drilled in one end for mounting the sample during coating and test. The muons are implanted at the opposite pole.
In the solid ellipsoid the Meissner state is supported by screening currents that augment the field at the equator and reduce the field at the poles. When the flux at the equator reaches the field of first vortex penetration H vp , which can be H c1 or in case of a surface barrier up to H sh , fluxoids will nucleate at the equator and redistribute uniformly inside the superconductor due to vortex repulsion. Pin-free ellipsoidal bulk samples produce a uniform vortex flux density in the mixed state since the inward directed driving force on the vortex by the surface screening currents is compensated by the vortex line length that increases for fluxoids closer to the ellipsoid axis. The magnetic field at the equator H equator will be enhanced to H equator = H a /(1 − N ) where H a is the applied field and N the demagnetizing factor. In our geometry the ellipsoid demagnetizing factor is N = 0.13, therefore the measured field of first penetration H a|entry = 0.87H vp . If the temperature is above 9.25 K, the critical temperature of niobium, the geometry is a superconducting Nb 3 Sn shell. The field will still break in at H a|entry = 0.87H vp but the vortex lines will directly snap to the center since the flux line length in the superconducting shell is actually less near the ellipsoid axis. The coin sample is tested in the Meissner state using the LE-µSR technique. Due to its geometry the field is enhanced by 15 % at the edge and 9 % in the midplane. For details refer to [13] . The samples used for µSR are shown in Fig. 1 . The QPR sample chamber has a "top hat"-like shape with its upper outside being exposed to the RF field inside the resonator, see Fig. 2 . The actual sample is a disk of 75 mm diameter and 10 mm in height. It is electronbeam welded to a tube of 2 mm wall thickness which in turn is welded to the "brim". The bulk material of all parts is fine grain niobium with the Nb 3 Sn coating covering all outer (and inner) surfaces. For mounting into the QPR the superconducting part of the sample chamber has to be connected to a double-sided CF100 flange. Commonly, QPR samples are brazed to this stainless steel flange. The process of coating with Nb 3 Sn requires a substrate of high purity niobium, furthermore, heat related changes to the sample due to brazing or welding after coating have to be prevented. In order to enable coating with Nb 3 Sn according to the process used for SRF cavities, a detachable connection of superconducting sample chamber and stainless steel bottom flange was implemented. An indium wire gasket of 1 mm diameter was used providing both thermal link to the liquid helium bath and UHV compatible sealing of the cavity vacuum. Prior to coating with Nb 3 Sn the niobium substrate was characterized at HZB showing low residual rf surface resistance of about 4 nΩ and high RF critical field µ 0 H c,RF = 220 mT [14] . For details on the QPR refer to [15, 16] .
III. METHODS

A. The µSR technique
In a µSR experiment, 100 % spin polarized muons are implanted one at a time into the sample, stop in interstitial sites and precess with characteristic Larmor frequencies determined by the local magnetic field H int . When the muon decays it emits a fast positron which has a propensity to emerge along the direction of the muon spin. Two positron detectors (symmetrical placed around the sample) detect the positron signal. The time evolution of the muon spin polarization P (t) gives information about the local field experienced by the muon. For a general introduction to µSR refer to [17, 18] . If the field has fully penetrated or the measurement is performed in the London layer using the LE-µSR technique an oscillating depolarization will be observed
where γ µ = 2π13.55 kHz/G is the gyromagnetic ratio of the muon and Φ a phase which can depend on the external field. The leading term of Eq. 2 describes the damping of the oscillation assuming a Gaussian distribution of the local field around H int with a full width at half maximum (FWHM) σ. If the sample is in the Meissner state and the muon is implanted in the bulk with the surface muon beam the local magnetic field from the nuclear dipolar fields is sensed. In case of significant muon diffusion, which is the case for high RRR niobium the polarization is described by the dynamic zero field Kubo-Tuyabe function P dyn ZF [19] . Therefore, in the field of first vortex penetration measurements P dyn ZF will be sensed for low applied field. When the field is completely broken in Eq. 2 describes the depolarization. If the field breaks in gradually which is especially the case for strong pinning there can be coexisting field free and penetrated areas. In this case the total polarization function is comprised of two terms as
The first term is due to the volume fraction being in the Meissner state and the second term due to the volume fraction containing magnetic field. If no magnetic field has entered the sample f 0 =1 and f 1 =0. For details refer to [13] . A significant decrease of f 0 from its low field value 1 signifies vortex penetration.
Two different muon beams are used for these studies. At TRIUMF so called surface muons (kinetic energy 4.1 MeV) are used which are implanted about 130 µm deep in the bulk. If measured above the critical temperature of niobium the geometry of the samples can therefore be considered as a superconducting shell and the screening of the Nb 3 Sn coating alone can be determined. This allows to detect the transition from the Meissner to a vortex state. For details refer to [13] .
At PSI a low energy muon beam is available [20, 21] . It can be used as a probe for local magnetism at various depths between a few and up to about 300 nm depending on the material density. Applying a field below H c1 this allows to measure the local field H int as a function of depth by varying the muon energy and therefore the implantation depth. This experiment therefore allows for a direct measurement of the London penetration depth.
B. Quadrupole Resonator
The Quadrupole Resonator (QPR) is a dedicated sample test cavity operated in a bath cryostat filled with superfluid helium [22, 23] . The liquid helium bath is pressure stabilized and kept at 1.8 K throughout the entire measurement providing stable RF conditions.
Regarding the sample chamber only the stainless steel flange at its bottom is in contact with liquid helium. The RF sample disk is cooled via heat conduction through the sidewalls of the sample chamber. The bottom side of the sample disk is equipped with a resistive DC heater in its center and a calibrated Cernox temperature sensor at the radial position of highest RF field. Using the heater arbitrary sample temperatures between 1.8 and approx. 25 K can be achieved. The heater power is PID controlled providing temperature stability better than ±2 mK at 18 K. Due to the weak thermal link to the liquid helium bath and the low thermal conductivity of the stainless steel flange, the maximum temperature difference on the RF surface is about 0.1 K at 18 K.
In order to probe the RF critical field of the sample, single rectangular RF pulses are used. A quench decreases the loaded quality factor of the resonator leading to a drop of transmitted RF power. The transmitted power is recorded with a time resolution of 50 µs allowing for a precise determination of the peak RF field. Fig. 3 shows four examples of transmitted RF pulse traces, converted to peak RF field on the sample. The temperature measurement is not fast enough to capture the temporal evolution of the sample but it is used to differentiate between a quench occurring on the sample or somewhere else inside the resonator.
In case of a 1.3 GHz TESLA-shaped single-cell cavity the ratio of peak magnetic field and square root of stored energy is given by
. Hence, a stored energy of U = 7.5 J is required to achieve B pk = 100 mT. For the QPR this is reduced significantly:
In order to suppress pre-quench heating the RF time constant τ = Q L /ω has to be small, but reducing the loaded quality factor Q L increases the required RF drive power. Assuming the cavity to be strongly overcoupled, the required forward power is given by P f = U 4τ . This yields for the case of equal rise time and magnetic field:
The achievable field level inside the QPR is limited by the cavity quench field at about 120 mT. Hence, the critical field can only be measured at elevated temperatures with R s being dominated by BCS losses. Using
For this reason, the requirement of equal rise time in QPR and cavity measurements can be relaxed which in turn reduces the necessary RF power. Furthermore, time-resolved numerical simulations of the QPR sample chamber show a significant impact of the sample thickness on the temperature dynamics [16] . Due to the thermal diffusivity of niobium, the sample disk being 10 mm in height reduces the non-equilibrium temperature rise during the RF rise time compared to cavity-grade material of 2-3 mm thickness. Note that the scenario of a thin sample disk is approximately comparable to the situation of a single-cell cavity test at temperatures above 4.2 K with inefficient cooling by gaseous helium only. Hence, at HZB a solid-state amplifier with a few hundred watts is sufficient unlike a MW rated klystron [11, 16, 24] .
IV. RESULTS
A. Low energy muon spin rotation
Muons have been implanted with energies between 3.3 and 17.3 keV corresponding to mean stopping depths between 15 and 55 nm, see Fig. 4 . The applied field was µ 0 H a =10 mT and the temperature 5 K. For each depth the local magnetic field sensed by the muons is derived from the time evolution of the muon spin polarization function P(t) using Eq. 2. The data has been analyzed using the musrfit software [28] . The whole data was also collectively fitted to the one-dimensional London model [25, 26] and adopted and experimentally verified for muons [27] .
using the the BMW libs for musrfit [29] taking into account the stopping distribution of the muons in the material. For an isotropic local superconductor a solution of the form
is obtained, where x is the distance from the surface. The fit parameters found are B 0 =11.4 mT and λ(5K)=160.5(3.9) nm. λ is expected to change according to
from which λ(0K)=160.0(3.9) nm can be derived being only 0.3 % shorter than λ(5K). The lower critical field H c1 can be expressed as [30] µ 0 H c1 = Φ 0 4πλ 2 ln(κ + 0.5),
where Φ 0 is the magnetic flux quantum. To obtain the Ginzburg Landau parameter κ = λ/ξ GL from the measured value of λ literature values of the London penetration depth λ L and and the BCS coherence length ξ 0 coherence length are required. A formula is derived using the fact the BCS and the Ginzburg-Landau coherence length are both correlated to the magnetic flux quantum
Note that ξ 0 and λ L are both fundamental material properties defined for the clean stoichiometric material. The values taken from literature can be found in Tab. I. From λ(0K)=160 nm, κ=60(15) and µ 0 H c1 =28(2) mT are derived. The thermodynamic critical field can be calculated using [30] 
The value of 600(100) mT is consistent with 520 mT reported in [1] , see Tab. I. Finally the superheating field can be calculated using Eq. 1. Its value is found to be 500(120) mT. On a side note the value of B 0 is 14 % larger than the applied field. This field enhancement is close to what is expected at the edge of this coin shaped sample (N =0.15) 2 .
B. Surface muon spin rotation
The muon polarization function was measured as a function of applied field at three temperatures above and one below T c [N b] using surface muons implanted ≈130 µm in the bulk. Fig. 5 displays the fit parameter f 0 as derived from Eq. 4 as a function of applied field divided by 1-N , where N is the demagnetization factor of the ellipsoid. From this plot the intrinsic DC field of first vortex penetration H vp,DC can be derived for each temperature as the field for which f 0 significantly deviates 2 A more thorough analysis would have to take the complete magnetice field and muon stopping distributions into account. (12) mT is found, see discussion.
C. Quadrupole Resonator
The RF quench field was measured at various temperatures T > 8 K, see Fig. 6 . This temperature limitation was due to the fact that RF instabilities and the quenching resonator ruled out measurements for B pk > 100 mT.
The full temperature range is fitted with the expression H c0 (1 − (T /T c ) n ) yielding µ 0 H c0 =100(3) mT, T c =18.6(1) K and n=3.9(3). This is contradictory to the expectation of n=2 from the empirical relation of the temperature dependence of the critical thermodynamic field
Taking only temperatures above 16.3 K into consideration, the measurement data follows the expected quadratic behavior (see Fig. 7 ).
V. DISCUSSION
In this study six different types of critical fields have been measured and derived. The lower critical field H c1 is the field at which it is energetically favorable for flux to be located inside the superconductor instead of being expelled by Meissner currents. An energy barrier can prevent flux penetration up to the superheating field H sh . If it is unknown whether there is a surface barrier neither of these two fields can be directly measured. Here H c1 and H sh are both obtained from the magnetic penetration depth as derived by low energy muon spin rotation. The results are in good agreement with data derived from low field surface impedance measurements [11] and the DC field of first vortex penetration derived with surface muons, see Tab. II.
The field of first vortex penetration H vp has also been measured at 414 MHz using a Quadrupole Resonator. The RF quench field clearly exceeds the DC critical field, see Fig. 8 . Towards higher temperature, i. e. lower quench field, the duration of rising RF field until the quench occurs drops, hence reducing the possible impact of unwanted heating. For that reason only data points above 16.3 K (t quench ≤ 2 ms) were taken into account for a fit using Eq. 13. It yields µ 0 H vp,RF =200(5) mT and T c =18.5(1) K. This is about a factor of two below the predicted superheating field of this material (see Tab. I). As a thermal limitation is unlikely here one may argue that the superheating field is locally suppressed potentially by coating flaws as reported in [32] . Another cause of reduced vortex penetration field might be surface roughness. A possible explanation for measurement data deviating from the expected quadratic behavior is given by vortex penetration at at defects with the size of the order of the coherence length. The vortex line nucleation model [34] gives an heuristic formula for this limitation
As κ depends on temperature as [30] κ(T ) = κ(0)
the temperature dependence of H VLN is
The obtained temperature dependence n=3.9(3) was found to be consistent with this model (see Figs. 6 and 7). Restricting both fits in Fig. 7 to the same high-temperature range still yields a higher adjusted R 2 -value in the case of n=4 (R 2 =0.9997) than for n=2 (R 2 =0.9979). The vortex line nucleation model has also been applied to earlier measurements on Nb 3 Sn and also showed better agreement than a quadratic fit [11, 34] . Taking the value of µ 0 H c = 520 mT from Tab. I yields κ=5.3(1) and T c =18.6(1) K. Note that the value of κ is very small compared to what has been derived by low field surface impedance [11] and low energy µSR measurements. On the other hand this model has given predictions for Nb in agreement with κ derived from low field surface impedance measurements [23] . A possible interpretation of these results is that Nb can indeed be limited by defects of the size of the coherence length, while the material has a uniform value of κ on the surface area. The κ value of Nb 3 Sn can strongly depend on stoichiometry and might be locally suppressed and for this reason the vortex line nucleation model cannot give quantitative results. This is consistent with a recent study reporting coating flaws on Nb 3 Sn cavity cut-outs prepared by the same technique at Cornell as the samples used in this study [32] . While the vortex line nucleation model cannot give a quantitative prediction for Nb 3 Sn a deviation from quadratic temperature dependence can still be interpreted as local flux penetration at defects.
VI. CONCLUSION
The results presented here strongly confirm that Nb 3 Sn SRF cavities are indeed operated in a flux free Meissner state above H c1 . The strong agreement of the low energy muon spin rotation results with cavity data from [11] gives confidence in the method of extracting material parameters from low field surface impedance measurements for future studies. The temperature dependence of the RF quench field suggests that the performance is limited by flux entry at local defects. Even if only high temperatures are taken into account a quadratic interpolation in temperature does not yield a value consistent with the superheating field as derived by low energy muon spin rotation and low field surface impedance measurements. This can be interpreted by a local suppression of the superheating field potentially at coating flaws as reported in [32] . 
